Introduction
The ubiquitin-proteasome system allows for precise spatial and temporal control of many diverse cellular processes ranging from the control of cell proliferation to cell death to circadian clock cycles. The assembly of polyubiquitin chains on the lysine of a target protein can produce many different outcomes based on the topology of the chains [1] . Chains extended using lysines 11 and 48 of ubiquitin lead to recognition and degradation by the proteasome, while monoubiquitination or chains extended via lysines 63 and 29 of ubiquitin can play a role in signal transduction. Although all these modification types are reversible through the action of deubiquitinating enzymes (DUBs), ubiquitin-mediated proteolysis by the proteasome is irreversible, providing directionality to cyclical events, such as the cell cycle.
The ubiquitination of target proteins occurs through an enzymatic cascade in which ubiquitin is covalently activated by an E1 ubiquitin activating enzyme and transferred to an E2 ubiquitin conjugating enzyme before a subsequent transfer mediated by an E3 ubiquitin ligase [2, 3] . While the human genome encodes only two E1s and a handful of E2s, there are many hundreds of E3s, consistent with their role in the ultimate selection of substrates. E3s can broadly be grouped into two discreet classes based on both homology domains and biochemical function [4] . The Homologous to E6-AP C-Terminus (HECT) domain proteins are structurally similar to E6-AP, which mediates the destruction of p53 by HPV E6. During the final transfer of ubiquitin to substrates, the HECT family ligases form a transient, covalent linkage with ubiquitin using a conserved cysteine. By contrast, the RING family E3s, which use the RING domain to recruit E2s, do not play a direct role in the ubiquitination reaction; instead, they facilitate the transfer of ubiquitin from the E2 to the substrate. RING E3s can be further subdivided into individual proteins that contain both the RING and substrate adapter domains in a single polypeptide or multi-subunit protein complexes that use distinct RING and substrate adapter proteins to recruit the E2 and substrate.
The canonical multisubunit RING complex is the SKP1/ CUL1/F-box (SCF) complex, in which the CUL1 scaffold binds the RING protein RBX1 (to recruit the E2) and SKP1, to bridge to a variable F-box protein, which determines substrate specificity [5] [6] [7] . The human genome encodes eight Cullin proteins (CUL1-4A, 4B, 5, 7, and 9 [formerly PARC]) that form similar Cullin-RING Ligase (CRL) complexes [7, 8] . Additionally, the more distantly related APC2 forms the scaffold of the SCF-related Anaphase Promoting Complex/Cyclosome (APC/C) [9, 10] . Each complex (excluding the less well-defined CUL7 and CUL9 complexes) can utilize multiple substrate specificity subunits, allowing a single core to target multiple substrates. For example, the human genome contains 69 F-box proteins [11] . Additionally, a single substrate adapter can recognize multiple substrates, which allows even the APC/C, with only two substrate adapters, to target many substrates.
Research into the functions of ubiquitin ligases has focused largely on their control of cell growth and division, where they play key roles in the targeted proteolysis of growth control and cell cycle regulatory proteins. The SCF complex and the APC/C have been demonstrated to be the major E3s controlling the degradation of cell cycle regulators, although they play additional, largely unexplored roles in other aspects of cell physiology [6, 12] . This review will focus on the current literature concerning: the mechanism of CRL ligase function; biological functions for the SCF and
The ubiquitin-like protein NEDD8 is an essential activator of CRLs, but the biochemical basis for this activation has remained mysterious. Neddylation, the covalent linkage of NEDD8 to another protein, has been demonstrated for all but one cullin and, like ubiquitination, results from an enzymatic cascade involving an E1, E2, and E3 (in this case, the CRL itself) [13, 14] . Additionally, NEDD8 can be removed from cullins by the COP9 signalosome [15 ] . Owing to the involvement of multiple CRLs in cell growth control and tumorigenesis, inhibitors of the neddylation pathway have been developed and appear to be effective anti-tumor compounds [16 ] .
Neddylation has been proposed to have many functional consequences for CRL complex activity, beginning with the regulation of CRL assembly. Unmodified CUL1 binds to CAND1, a large sequestration factor, blocking the binding of the SKP1-F-box protein pair to the Nterminus [17] [18] [19] [20] . NEDD8 conjugation dissociates CAND1, allowing formation of an active complex. CAND1 appears to function in this manner for all cullins. Despite the appeal of this model for explaining the essential function of NEDD8, CAND1 displacement cannot explain the stimulatory effects of NEDD8. NEDD8 conjugation remains essential in plants deficient in CAND1, and in vitro ubiquitination reactions (devoid of CAND1) can be stimulated by the addition of the neddylation machinery, suggesting a catalytic role in the ubiquitination reaction [21] [22] [23] [24] [25] [26] .
In isolation, the crystal structure of SCF offers little insight into the role of NEDD8 modification, as the structure was solved using non-neddylated CUL1 [27 ] . The SCF complex structure and the resulting models addressed two key components of the ubiquitination reaction (i.e. substrate binding and E2 recruitment), but many mechanistic questions remained unanswered. With a large gap between the F-box protein and the presumptive E2 binding site, how is ubiquitin transferred from the E2 to substrates? Furthermore, with CUL1 forming an apparently rigid backbone, how could the complex adjust to facilitate extension of the ubiquitin chain? These questions were compounded by a lack of the knowledge of the chemistry of CRL-mediated ubiquitination. To date, no CRL structure has been solved with an intact E2 and substrate, making detailed evaluations of the ubiquitination mechanism difficult.
In principle, ubiquitination of substrates by CRLs can be broken into several steps: substrate binding, E2 recruitment, and ubiquitin transfer, with the transfer reaction further broken down into monoubiquitination and polyubiquitination. Notably, substrates for monoubiquitination and polyubiquitination are very different in terms of geometry, making them chemically distinct steps despite processive polyubiquitination occurring during one substrate binding event. The role of NEDD8 in substrate binding (via CAND1 displacement) has previously been addressed, but the impact of neddylation on other steps in CRL-mediated ubiquitination remained unknown until recently.
Using multiple in vitro assays to probe SCF complex function, Deshaies and co-workers found that neddylation impacts virtually every step of polyubiquitination by the SCF complex [28 ] . As previously observed, neddylation increases the binding of E2 enzymes to the SCF complex, but it also has larger and more pleiotropic effects [29] . In general, neddylation enhanced not only the addition of the first ubiquitin to substrates but also the extension of the polyubiquitin chain [28 ] . The effect of neddylation appears to be conformational in nature and to affect three distinct processes. First, neddylation modestly increases the intrinsic activity of the CRL-E2 complex, as evidenced by enhanced transfer of ubiquitin from the E2 in a target-independent manner to a small molecule substrate. This generic ubiquitin transfer reaction suggests a stabilization of the transition state in the transfer reaction, which probably applies equally for the monoubiquitination and polyubiquitination steps. Second, modification of CUL1 with NEDD8 appears to close the 50 Å gap between the F-box protein and the activated E2, greatly facilitating the initial ubiquitin transfer. Finally, neddylation also affects ubiquitin chain extension, suggesting that the conformation change also allows the activated E2 greater access to the end of the nascent polyubiquitin chain.
These predicted conformation changes were fully illuminated by crystal structures of the NEDD8-conjugated C-terminus of CUL5 produced by the Schulman group [30 ] . Neddylation provokes a large conformation change in the CUL5-RBX1 complex, during which the CAND1 binding site is destroyed and RBX1 is released from its tight binding of the cullin on a flexible linker into an 'open' form. The flexible RBX1 linker allows the bound E2 to bridge the 50 Å gap present in the original SCF complex structure, explaining the ability of neddylation to stimulate the initial ubiquitin transfer to substrate. Furthermore, after the addition of ubiquitin to the substrate, the flexibility allows the E2 to adjust to the end of the chain to allow efficient polyubiquitination. Mutational analysis suggests that the RBX1 linker evolved for the optimal efficiency of three distinct reactions: cullin neddylation, substrate monoubiquitination, and substrate polyubiquitination. The conformational change mechanism captured in the CUL5-NEDD8 structure appears to be a general mechanism that explains the efficient initiation and extension of ubiquitin chains on substrates by CRLs (Figure 1 ). However, many questions about neddylation and CRLmediated ubiquitination remain. Although the neddylated C-terminus of CUL5 was crystallized in complex with RBX1, CUL5 actually utilizes the highly related protein RBX2 in vivo [31] . Notably, while the other cullins utilize RBX1 and UBE2M in the neddylation reaction, CUL5 uses RBX2 and UBE2F, a recently discovered second E2 for NEDD8 [32] . The existence of a two systems for cullin neddylation and a large complex (the COP9 signalosome) devoted to the removal of NEDD8 suggests that neddylation is more tightly regulated than previously thought and that other factors affecting neddylation remain unidentified. The structural insights into NEDD8 function also highlight another gap in our current knowledge of SCF. Despite the generation of models of SCF bound to E2s, a definitive structure has not been determined, hiding aspects of the ubiquitination reaction.
New functions for the APC/C and the SCF ligases
The APC/C controls the onset of anaphase and the resetting of the cell cycle through the Cdc20 and Cdh1 substrate adapters, respectively (Figure 2) . APC/C Cdc20 triggers anaphase by mediating the degradation of Securin and Shugoshin and the exit from mitosis by mediating the degradation of cyclin B [9, 10, 33] . APC/ C Cdh1 cooperates with APC/C Cdc20 in controlling the exit from mitosis, but it plays a larger role in the maintenance of the G0 and G1 phases by mediating the degradation of multiple substrates [9, 10, 34] . As the controller of anaphase entry, APC/C Cdc20 is the primary target of the spindle assembly checkpoint (SAC), which ensures the proper attachment of the chromosomes to the mitotic spindle before chromosome separation begins [35] . Entrance into anaphase with unattached chromosomes or in the presence of mitotic spindle poisons could lead to chromosome loss and/or breakage, creating aneuploidy and genomic instability. When the SAC is activated, Cdc20 is inhibited in a Mad2-dependent process.
Intuitively, the SAC appears to inhibit APC/C activity, but recent reports suggest that APC/C activity is actually crucial for maintenance of the SAC [36 ,37] . Upon SAC activation, Cdc20 is subject to an immediate inhibition that remains mechanistically unclear, requiring Mad2 binding. Despite this initial inhibition, Cdc20 may threaten the ability of the initial response to keep APC/C Cdc20 activity below the threshold level required for anaphase entry. However, a second stage of the SAC, utilizing Mad2, BubR1, and Bub3, directs the APC/C-dependent degradation of Cdc20, preventing premature override of the SAC. The exact mechanisms that allow Mad2, BubR1, and Bub3 to redirect APC/C activity to Cdc20 remain unclear, but these studies, in conjunction with previous studies conducted in S. cerevisiae [38], clearly demonstrate a new role for the APC/C core complex as both a target and an effector of the SAC, implicating the APC/C in the control of genome integrity.
While the core of the APC/C helps maintain genome integrity during SAC activation, a new role for APC/C Cdh1 in the DNA damage response was recently revealed. APC/C Cdh1 contributes to mitotic exit and is essential for the maintenance of the G0/G1 phase of the cell cycle [34] . This well-established function is dependent upon the degradation of cell cycle activators and DNA replication machinery. In addition, a role for Cdh1 in maintaining genome stability was uncovered by the development of Cdh1 null mice [39 ,40] . Cdh1 null cells exhibit defects in mitotic exit and cytokinesis and display many chromosome abnormalities, ranging from misaligned metaphase chromosomes to multi-polar spindles to an increased rate of chromosome bridge formation, all of which can generate aneuploid cells with up to 150 chromosomes. The precise underlying mechanisms of these effects are unknown, and it has been suggested to result from dysregulation of the DNA replication machinery. However, the role of APC/C Cdh1 in the response to DNA damage may also contribute to the genomic instability of Cdh1 null cells.
During the cell cycle, APC/C
Cdh1 is kept inactive from late G1 through late mitosis by Cdk-mediated, inhibitory phosphorylation of Cdh1, which prevents binding to the APC/C core ( Figure 2) [9, 10] . After Cdk activity is sufficiently reduced in mitosis, Cdh1 binds APC/C to form the active complex. Despite this activation profile, APC/C Cdh1 activity has been observed in G2 following DNA damage, and the function and mechanism of this reactivation was recently elucidated, revealing an ancient DNA damage response pathway [41, 42] .
In the G2 phase of the cell cycle, Plk1 kinase activity controls both the activation of Cdk1 (through phosphorylation-directed Wee1 degradation) and the recovery from DNA replication stresses (through phosphorylationdirected Claspin degradation) before inactivation via APC/C-mediated degradation in late mitosis [43] [44] [45] [46] . Regulation of the APC/C during the cell cycle. APC/C activity is highly regulated during the cell cycle through the binding of the Cdc20 and Cdh1 activating subunits. APC/C Cdh1 is active in G1, but Cdh1 is inactivated by increasing amounts of Cdk activity as the cell cycle progresses, preventing binding to the APC/C core. (Other means of Cdh1 inactivation, including degradation and Emi1 binding, are not depicted here.) Cdc20 levels are low in G1 owing to APC/C Cdh1 -mediated degradation, but they increase through S and G2. In M, APC/C Cdc20 forms, but it remains inactive until bipolar attachment of all chromosomes to the spindle and the Spindle Assembly Checkpoint (SAC) is satisfied. Then, APC/CCdc20 targets Securin, Shugoshin, cyclin B, and other proteins for degradation. With decreasing Cdk activity and Cdc14 phosphatase activity, unphosphorylated Cdh1 binds the APC/C core, resulting in the targeting of Cdc20 and other substrates (many of which are also APC/C Cdc20 substrates) whose degradation is required to exit mitosis, enter G1, and maintain the G1 state. Although Cdh1 is inactive owing to phosphorylation in G2, DNA damage releases the Cdc14B phosphatase from the nucleolus, causing Cdh1 dephosphorylation, resulting in active APC/C Both functions of Plk1 are problematic for cells exposed to genotoxic stress in G2, which need to arrest the cell cycle and repair damaged DNA. New evidence demonstrates that activation of APC/C Cdh1 in DNA-damaged cells targets Plk1 [42] . Following DNA damage stimuli, the Cdc14B phosphatase is released from the nucleolus to dephosphorylate Cdh1, permitting the formation of active APC/C Cdh1 , which directs the degradation of Plk1. Although the activation of APC/C Cdh1 appears general in nature, other substrates are protected by deubiquitinating enzymes (e.g. Claspin, which is required for the DNA damage response) and, probably, Emi1 (e.g. cyclin A and cyclin B, which may be necessary for restarting the cell cycle after DNA damage repair). The participation of APC/C Cdh1 in the G2 DNA damage response suggests another mechanism for the genome instability observed in Cdh1 null cells.
Other unique aspects of the biology of APC/C function are also becoming apparent. Polyubiquitin chains assembled through lysine 48 (K48) of ubiquitin target substrates to the proteasome; however, several recent studies have now demonstrated that the APC/C can assemble polyubiquitin chains in vitro using alternative lysines, particularly lysine 11 (K11), which also target substrates for degradation [47, 48] . Furthermore, at least in purified systems, APC/C substrates can be targeted to the proteasome through very short ubiquitin chains originating from multiple target lysines [48] . This mechanism is in contrast to polyubiquitination by SCF (using Cdc34), which forms long, predominantly K48-linked ubiquitin chains. The use of alternative chains, perhaps of even of mixed morphology, suggests key mechanistic differences between the APC/C and other ubiquitin ligases that require further investigation.
Similar to the APC/C, the biological functions of the SCF scaffold continue to expand. While the large number of Fbox proteins predicts a role for the SCF complex in many processes, the identification of multiple substrates for a given F-box protein often allows the assignment of a generalized function for that F-box protein. For example, Skp2, which degrades inhibitors of cell cycle progression, is an established oncogene [49] . By analogy, Fbxw7, which degrades activators of cell cycle progression, including c-Myc, c-Jun, and cyclin E, should be a tumor suppressor, and, indeed, Fbxw7 mutations are common in T-ALL [50, 51] . However, new mouse models of Fbxw7 inactivation reveal a more nuanced role for Fbxw7 in regulating stem cell quiescence and tumor progression.
The deletion of Fbxw7 is embryonic lethal, but conditional deletion models have been constructed to explore the role of Fbxw7 in the hematopoietic system [52,53 ,54 ,55]. Hematopoietic stem cells are thought to remain in the G0 phase of the cell cycle until departing from the stem cell niche to proliferate and differentiate. In the absence of Fbxw7, elevated c-Myc levels drive HSCs through the cell cycle, eventually leading to exhaustion, as evidenced by the inability of Fbxw7 null HSCs to reconstitute bone marrow [53 ,54 ] . The enforced cycling of Fbxw7 null HSCs also leads to elevated levels of certain progenitor cells, such as double positive (CD4+/CD8+)T cells, but the generation and survival of differentiated single positive cells is compromised by activation of p53, probably through oncogene-induced stress [56] . After losing p53 function, 820 Cell division, growth and death Figure 3 b-TRCP integrates multiple stimuli for global control of the cell cycle. b-TRCP controls early events in the cell cycle, such as the response to mitogens, but it also controls later events in the cell cycle through Cdk1, the APC/C, and Plk1. Notably, feedback loops are common in the control of the Cdk1 and Plk1 kinases. During DNA damage responses, b-TRCP targets for Cdc25A for degradation, but during the recovery from DNA damage, b-TRCP targets Clapsin for degradation, blocking Chk1 activation and Cdc25A degradation. Additionally, Plk1 is involved in the degradation of multiple b-TRCP substrates, and Bora, which activates Plk1, is targeted for b-TRCP-dependent degradation by Plk1, attenuating Plk1 activity at the end of mitosis. Notably, there is also much crosstalk between b-TRCP targets, with APC/C activity controlled by Cdk1 (via phosphorylation) and Plk1 (via phosphorylation and induction of Emi1 degradation). At the same time, APC/C is required for the inactivation of Cdk1 and Plk1 activators (cyclins and Bora, respectively). Finally, Plk1 is a positive regulator of Cdk1 through the induction of Claspin and Wee1 degradation.
these cells drive T-ALL, demonstrating the tumor suppressor function of Fbxw7.
Unlike Skp2 and Fbxw7, b-TRCP appears to target substrates with a broader range of functions [49] . However, with the identification of many b-TRCP substrates, it now appears that b-TRCP functions as an integrator of signaling pathways (Figure 3) . b-TRCP is well known as an exquisitely sensitive rheostat for Cdk1 function through canonical substrates, such as Cdc25A and Wee1, and newly identified substrates, such as Bora and Claspin, which also contribute to feedback loops controlling Cdk1 [44, 57] . Claspin mediates the ATRdependent activation of Chk1, leading to Cdc25A degradation and Cdk1 inhibition. Diametrically opposed to this pathway, Bora, with the Aurora A kinase, activates Plk1 in late G2 to drive cells into mitosis through Wee1 degradation and consequent Cdk1 activation [58, 59] . As cells progress into mitosis, both pathways are reset by Plk1 activity, which causes the b-TRCP-dependent degradation of Claspin (in G2) and Bora (in M).
Although b-TRCP tightly controls Cdk1 function, b-TRCP function is not restricted to mitosis (Figure 3) . In response to mitogens, b-TRCP targets PDCD4, an inhibitor of protein translation, for degradation at the G0/G1 transition, and more recent data demonstrate that b-TRCP also degrades BimEL, a pro-apoptotic protein, in response to mitogens [60, 61] . Therefore, in response to cell growth stimuli, b-TRCP upregulates protein translation (PDCD4) while promoting cell survival (BimEL). As mitogen-stimulated cells enter the cell cycle, b-TRCP further promotes cell cycle progression through the activation of Cdk1 (Wee1), activation of the APC/C (Emi1), and de-repression of mitotic checkpoint proteins (REST) [43, [62] [63] [64] . At the same time, b-TRCP can also block cell cycle progression in response to genotoxic stress (Cdc25A) [65, 66] . In this manner, b-TRCP integrates multiple stimuli to tightly control cell proliferation: all the proper signals must be present for progression through the cell cycle. Notably, multiple b-TRCP substrates, such as Period, are not part of the core cell cycle machinery, suggesting that b-TRCP may coordinate other processes with the cell cycle [49] .
New challenges for the SCF: finding substrates
One of the main challenges for the SCF field -in fact for the ubiquitin ligase field in general -remains the identification of substrates. The search for SCF complex substrates is highlighted by the large number of 'orphan' F-box proteins that have not been paired with substrates [11] . Each year, multiple new F-box substrate pairs involved in growth control are proposed, but the rate of discovery remains low for the effort invested. The challenge of identifying and validating substrates for orphan F-box proteins will hopefully be aided by new techniques designed explicitly for the investigation of protein stability. The Elledge laboratory recently developed a system for proteome-scale stability profiling (Global Protein Stability profiling; GPS), and this system has already been applied to screen for SCF substrates [67, 68 ]. The initial screen cannot directly pair a substrate with its F-box protein, but similar screens, in conjunction with current discovery techniques will hopefully aid the identification of ubiquitin ligase-substrate pairs.
An additional problem inherent in establishing F-box protein substrates is the requirement of understanding the biology behind substrate degradation. Because substrates require post-translational modifications, the identities and activities of substrate kinases are extremely important for placing substrates in biological networks. An additional layer of complexity is added when substrates are targeted by multiple ubiquitin ligases. These issues are exemplified in multiple recent studies of SCF-mediated cyclin D1 degradation. To date, six F-box proteins (Fbxo4, Fbxo31, b-TRCP1/2, Fbxw8, and Skp2) have been reported to target cyclin D1, and the reports suggest that each F-box protein binds a similar degron [69] [70] [71] [72] [73] . However, the stimuli and associated-kinase involved appear different in each case. For example, Fbxo31 has been reported to participate in the DNA damage-stimulated degradation of cyclin D1 in a manner dependent on MAP kinase (MAPK) (which phosphorylates cyclin D1) and ATM (which directly phosphorylates Fbxo31). By contrast, Fbxo4 and Fbxw8 have been reported to control the cell cycle dependent degradation of cyclin D1 via GSK3 or MAPK, respectively. How different signals coordinate the action of six different F-box proteins on a single substrate is not yet completely understood. Therefore, it is vital to not only pair an F-box protein with a substrate but also pair the degradation event with a biological function.
Conclusions
The SCF and APC/C ligases play wide-ranging -and continually expanding -roles in cell growth control. However, despite the clinical success of general inhibitors of ubiquitin-mediated proteolysis and the potential for targeting the NEDD8 pathway for general inhibition of CRLs, the inhibition of specific ligase complexes has remained a largely unexplored therapeutic option. Continued research into the molecular mechanisms and biological function of SCF and APC/C ligases presents the opportunity to develop novel therapeutics with greater efficacy than general proteasome inhibitors.
